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Abstract: This paper investigates the average symbol error rate (ASER) performance of a dual¬ 
hop hybrid relaying system relying on both radio frequency (RF) and free space optical (FSO) links. 
Specifically, the RF link is used for supporting mobile communication, while the FSO link is adopted 
as the backhaul of the cellular infrastructure. Considering non-line-of-sight (NLoS) RF transmissions 
and a generalized atmospheric turbulence (AT) channel, the associated statistical features constituted 
of both the exact and the asymptotic moment generating functions (MGF) are derived in closed form. 
They are then used for calculating the ASER of M-ary phase shift keying (PSK), differentially encoded 
non-coherent PSK (DPSK) and non-coherent frequency-shift keying (FSK). A range of additional 
asymptotic expressions are also derived for all the modulation schemes under high signal-to-noise 
ratios (SNR). It is observed from the asymptotic analysis that the ASERs of all the modulation schemes 
are dominated by the average SNR of the RF link in the hybrid relaying system using a fixed relay 
gain, while in the relaying system using a dynamic channel dependent relay gain, the ASERs of all 
the modulation schemes depend both on the average SNR and on the AT condition of the FSO path. 
We also find that the fixed-gain relaying strategy achieves twice the diversity order of the channel- 
dependent relaying strategy albeit at the cost of requiring a high power amplifier (PA) dynamic range at 
the relay node. Furthermore, by comparing the asymptotic ASERs, we calculate the SNR differences 
between the different modulation schemes in both the fixed-gain and the channel-dependent relaying 
system. Finally, simulation results are presented for confirming the accuracy of our expressions and 
observations. 

Index Terms: Relay, atmospheric turbulence, free space optical communications, symbol error rate, 
hybrid RF/FSO. 


1. Introduction 

Free space optical (FSO) communication has attracted increasing research interests as a benefit of 
its high data rate, enhanced security achieved in the unlicensed optical electro-magnetic spectrum 
and its moderate deployment cost ffl-ia It is suitable for a wide range of applications, such as 
enterprise/building connectivity, the back-haul of cellular systems, redundant backup links and 
disaster recovery (2]. Despite the above-mentioned advantages, FSO systems remain vulnera¬ 
ble to atmospheric turbulence (AT) due to the random refractive index variation caused by the 
inhomogeneities in the temperature and pressure of the atmosphere |4]. 

A number of studies have characterized the effects of AT on the attainable FSO system per- 
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formance, which adopted sophisticated techniques for mitigating the performance degradation 
imposed by AT [5]-@]. in IS, the average capacity of FSO systems was investigated under both 
weak and strong turbuience conditions, whiie in [5], both the bit error rate (BER) performance as 
weii as the channei capacity were anaiyzed for opticai code-division muitipie-access (OCDMA) 
systems. Spatiai diversity reception was investigated in [T] with the aid of both maximum-iikeiihood 
detection and maximum-iikeiihood sequence detection for overcoming the turbuience-induced 
fading, in 0, the BER performance was characterized as a function of the diversity gain in a 
muitipie-input muitipie-output (MiMO) FSO system. Reiaying techniques have been wideiy used for 
expioiting the resuitant diversity gain and for mitigating channei fading in traditionai radio frequency 
(RF) systems (U, [TO]. By contrast, in FSO systems, reiaying has aiso been invoived for mitigating 
the AT-induced fading (Tl], [T2]. Specificaiiy, both the outage probabiiity (OP) and the average 
BER of a duai-hop fixed-gain wireiess reiaying system were investigated in [9]. The authors of 
ITOI anaiyzed the asymptotic achievabie rate of reiay seiection strategies in ampiify-and-forward 
(AF) MiMO two-hop networks reiying on feedback. The achievabie performance of a reiay-aided 
FSO system was first studied in (TT] under weak turbuience conditions, whiie in [12], both the OP 
and the average symboi error rate (ASER) were investigated for a muiti-hop FSO system reiying 
on differentiai phase-shift keying (DPSK) under strong AT. 

Recentiy, FSO iinks have been shown to achieve a promising performance in backhaui trans¬ 
mission between each infrastructure eiement in ceiiuiar networks, because the cost of depioying 
opticai fiber is sometimes prohibitiveiy high, especiaiiy in uitra-dense networks or in historic 
medievai cities (T2], (T^. Therefore, a hybrid reiay-aided system based on RF combined with FSO 
can be estabiished for expioiting the compiementary advantages of both RF and FSO systems 
IT4l-[T71. A duai-hop hybrid Rayieigh RF and FSO reiaying system was first considered in 1141 . 
where the attainabie outage performance was quantified. Recentiy, this was further extended in 
fT5l to a generaiized Nakagami-m channei for the RF iink, where both the outage and the ASER 
of binary moduiation schemes were anaiyzed. Then a simiiar extension to the k - ^ or 77 - /.t 
distributed RF channei was provided in (T6]. in (T7], anaiyticai expressions of both the end-to-end 
outage and the ASER of binary phase-shift keying (BPSK) were derived for a muitiuser hybrid 
RF/FSO reiaying system. Fiowever, aii these papers considered oniy simpie binary moduiation 
schemes, and assume the Gamma-Gamma (G-G) distributed FSO channei, which is suitabie for 
modeiing moderate to strong AT conditions. 

in a subcarrier intensity moduiation (SiM) based FSO appiication, M-ary phase-shift keying 
(MPSK), DPSK and non-coherent frequency-shift keying (NCFSK) have been advocated as their 
benefits iike high efficiency, non-sensitive to phase ambiguous and/or iower impiementation com- 
piexity |T8], (T9]. Against this background, our contributions are as foiiows: we study the ASER 
performance of various moduiation schemes in a duai-hop hybrid RF/FSO reiaying system reiying 
on both fixed-gain and on channei-dependent schemes, in particuiar, we consider a generaiized 
AT modei, nameiy the M-distribution, which has recentiy been presented in (^, (2T] as a benefit of 
its exceiient matching to experimentai data, and because it is capabie of characterizing most of the 
existing AT modeis, inciuding the G-G and the K distribution. Under this scenario, we derive both 
the exact and approximate moment generating functions (MGF) of the end-to-end instantaneous 
signai-to-noise ratios (SNR) of both fixed-gain and channei-dependent hybrid reiaying system. 
These MGFs are then used for deriving both the exact expression and high accuracy ASER 
approximations for MPSK. By using the end-to-end cumuiative distribution function (CDF), we aiso 
deduce a ciosed-form ASER expression for DPSK/NCFSK. Moreover, the asymptotic ASERs of 
both MPSK and DPSK/NCFSK are studied with the aid of insightfui observations at high SNRs for 
both reiaying systems. We observe that the ASERs of aii the moduiation schemes are dominated 
by the average SNR of the RF iink in the fixed-gain reiaying system, whereas the ASERs of aii the 
moduiation schemes are reiated to the average SNR and the AT conditions of the FSO hop in the 
channei-dependent reiaying system. Furthermore, we evaiuate the SNR differences of different 
moduiation schemes from the asymptotic expressions, which is heipfui for system anaiysis and 
design. 
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TABLE I 
Notations 


7 

instantaneous ene-to-end SNR 

71 

instantaneous SNR of the RF link 

72 

instantaneous SNR of the FSO link 

Ti 

average SNR of the RF link 

r2 

average SNR of the FSO link 

G 

fixed relaying gain 

I 

irradiance intensity 

Ul 

LoS component in the M-distribution 


scattering component coupled to the LoS component in the M-distribution 


scattering component independent of the LoS component in the M-distribution 

fl 

average optical power of the LoS component 

2bo 

average optical power of the scatter component 

fl' 

average optical power of the LoS component and the scattering one coupled with it 


phase of the LoS component 


phase of the scattering component coupled with the LoS component 

A 

parameter of the M-distribution 

a 

effective number of large scale cells 

/3 

natural number, represents the fading parameter 

? 

average power of classic scattering component 

P 

ratio of the scattering power coupled with the LoS component 

V 

electrical-to-optical conversion efficiency 


variance of the additive white Gaussian noise, / = 1 for RF link, i = 2 for FSO link 

E[.] 

expectation operator 

/(•) 

probability density function 

F{.) 

cumulative distribution function 

M{.) 

moment generating function 

K,{.) 

modified Bessel function of the second kind with order v 

G{.) 

Meijer’s-G function 


The rest of the paper is organized as foiiows. Section II describes the system modei of the 
hybrid RF/FSO reiaying system. A range of statisticai characteristics and both exact as weii as 
asymptotic ASERs of the different moduiation schemes are anaiyzed for the fixed-gain hybrid 
reiaying system in Section III. In Section IV, the ASERs of different moduiation schemes are 
studied for the channei-dependent hybrid reiaying system. Our simuiation resuits are presented 
in Section V, whiie Section VI concludes the paper. A list of all variables and functions used in 
this paper is presented in Table I. 

2. System Model 

We consider the dual-hop hybrid RF/FSO relaying system of Fig.dl where the source node (SN) s 
communicates with the destination node (DN) D via the intermediate relay node (RN) r by adopting 
an amplify-and-forward (AF) relaying scheme. Let s be the normalized signal transmitted from s 
to R through an RF link. The signal received at R is expressed as: 


rR = hs + ni, ( 1 ) 

where h represents the fading of the RF link, which is a complex Gaussian random variable (14) . 
[22], and ni represents the additive white Gaussian noise (AWGN) with variance of af and zero 
mean. 

The SIM scheme is employed at R, where a standard RF coherent/noncohenrent modulator and 
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Fig. 1. The dual-hop hybrid RF/FSO relaying system, including the block diagrams of the relay node 
and the destination node. 


demodulator can be used for transmitting and recovering the source data [T 8 ], At R, after 
filtering by a bandpass filter (BPF), a direct current (DC) bias is added to the filtered RF signal 
to ensure that the optical signal is non-negative. Then the biased signal is amplified and sent to 
a continuous wave laser driver. The output optical signal is written as O: 

Sr = G(1-F Tyr^), (2) 

where G is the relay amplification gain at R and rj denotes the electrical-to-optical conversion 
efficiency. Then the optical signal is forwarded from r to d through an FSO channel. 

After removing the DC component at D, the received signal is given by: 


Td = IGsr + n 2 — IG = IGr]{hs + ni) + 712 , 


(3) 


where / is the irradiance intensity along the FSO link and n 2 represents the AWGN with a variance 
of erf and zero mean in the FSO link. 

The instantaneous end-to-end SNR of the relay-aided system is given by |24], 1^ : 


_ PG^r]'^h^ 

T PQ2jj2^2 _|_ ^2 





(4) 


Regarding the fixed-gain relay strategy at the RN, its relay gain is fixed to a constant value, 
which is independent of the channel state information (CSI) of the first-hop channel. We fix the 
relay amplification gain to where G is a constant parameter (25], Hg]. The end-to-end 

SNR of the relaying system is then rewritten as: 


7172 
72 + G’ 


(5) 


where we define and 72 = representing the instantaneous SNR of the RF and FSO 

links, respectively. Since the RN amplification gain G is fixed, the actual forwarded signal has a 
varying output power, because the relaying signals have been affected by the first hop channel 
fading before their fixed-gain amplification at the RN. Hence, the RN has to have a power amplifier 
(PA) exhibiting a high dynamic range such as a linear class-A amplifier. 

For the other scenario, where the CSI of the first hop is available, the channel-dependent relay 
strategy adjusts the relay gain according to the CSI of the RF link, thus resulting in a fixed output 
signal power at the RN. Accordingly, the relaying gain is given by G^ = 7 ^ 2 ^^ 123- By substituting 
it into (I], the end-to-end SNR of the channel-dependent relaying scheme becomes: 


7 = 


7172 

7i + 72 + 1 ’ 


( 6 ) 
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2.1. RF link 

In an urban environment, the RF transmission iinks spanning from s to R are subjected to muiti- 
path fading in non-iine-of-sight (NLoS) iinks, which can be characterized by the ciassic Rayieigh 
distribution. Accordingiy, the instantaneous SNR of the RF iink obeys an exponentiai distribution 
with its probabiiity density function (PDF) given by: 


fjiili) = ^exp 
i 1 



(7) 


where Fi = ^ is the average SNR of the RF iink. 


2.2. FSO link 


The FSO iink is used as the R to d back-haui. Generaiiy, the AT caused by the random refractive 
index variation of the atmosphere is considered as one of the most grave impairments of the FSO 
iink. In (^, a generalized statistical model, namely the M-distribution, has been shown to exhibit 
an excellent fit to experimental propagation measurements, hence accurately characterizing the 
AT. In the M-distribution, the observation field of the irradiance intensity experienced at the receiver 
consists of three different components; the line-of-sight (LoS) component Ul, the scattering term 
Ug coupled to the LoS component and the classic scattering term Ug independent of the LoS 
component. The average optical power of the LoS term is given by O = E[|{7 lP], where E[.] is the 
expectation operator. The average optical power of all the scattering related terms is denoted by 
26o = E[|f7|^p + lUgl"^]. The PDF of the normalized irradiance I of the M-distribution is expressed 
as |20l, El]: 

fj{I) = 


where we have 


A = 


— 


f il3 'S 
5i+“/2r(a) j 

{ip+n'y-i 
\k-i) (k-iy. 



(9) 


with a being a positive parameter related to the effective number of large-scale cells of the 
scattering process, /3 is a natural number representing the fading parameter, ^ = 26o(l - p) 
represents the average power of the classic scattering component Ug, p is the ratio of the 
power of the scattering component coupled with LoS to that of all scattering components, and 
Q' = ^ + p2bo + 2y'p2boQcos{^A ~ ^b) denotes the average optical power of the coherent 
contributions, including both the LoS component and the scattering component coupled with 
it, where <i ).4 and <I>b are, respectively, the deterministic phase of the LoS component and the 
scattering component coupled with it EOl- Finally, Kv{-) is the modified Bessel function of the 
second kind with order v. 

Note that a generalized expression of the M-distribution has been provided in ESI Eq. (22)]. 
Flere, the expression in |8) is a particularization of the generalized expression, where /3 is confined 
to an integer value. Based on (^, this particularization is capable of representing every turbulence 
scenario of the generalized model, while enjoying the advantage of avoiding infinite summation. 
Specifically, some other popular distribution models of the AT, such as the Gamma-Gamma 
distribution and K distribution, can be treated as special cases of the M-distribution. Table. [H] 
summarizes the special cases. 

The PDF of the instantaneous electronic SNR associated with the FSO link is readily obtained 
with the aid of l[8| as follows [5]: 


f 12 ( 12 ) 


A 72 j. 

, Qfc a + k Jlg—k 

k=i r2* 



( 10 ) 
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TABLE II 

Special cases of M-distribution 


Distribution 

Conditions 

Gamma-Gamma 

p = 1 , rj' = 1 

K 

II 

0 

II 

0 


where we have A = and r 2 = /al = rf I(j\ is the electronic average SNR in the 

FSO link. 


3. Performance of the Hybrid RF/FSO System with Fixed-Gain Reiaying 

Under the idealized simplifying assumption of having perfect channel estimates, the family of 
modulation schemes relying on coherent detection tends to require a lower SNR than their non- 
coherently detected counterparts, such as MPSK. However, the phase recovery error of coherent 
detection degrades the attainable system performance, while differential detection of DPSK is 
less susceptible to it. In practice, the uncertainty of the carrier synchronization and the carrier 
recovery error will make non-coherent modulation, such as NCFSK, a better choice. Moreover, 
the non-coherent detection also reduces the complexity of the receiver. Hence, non-coherent 
schemes constitute an attractive design alternative in some FSO applications (T9]. In this section, 
the ASERs of MPSK, DPSK and NCFSK are investigated analytically in our fixed-gain hybrid 
RF/FSO relaying system. 

3.1. ASER Performance of MPSK 

To analyze the ASER performance of MPSK in the fixed-gain relaying system, we commence by 
deriving some useful statistical features of the end-to-end SNR. 


3.1.1. Statistical Characteristics 

The CDF of the end-to-end SNR 7 for the fixed-gain relaying system has been derived in 


^ Aexp(-^) ^ 
Stt 


F^b) = ^- 




fc=l 


07 

TiTj 




.2 G 7 


T5 \ i6rir2' 


( 11 ) 


where G (x) is Meijer’s G-function and ki = For simplicity, by using 

Eq. (07.34.17.0011.01)], the above CDF can be rewritten as 




Cl 


( 12 ) 


where ^2 = 

To derive the ASER for different modulation schemes, it is beneficial to use the moment gen¬ 
erating function (MGF) of the end-to-end SNR 7 . By using (H), the MGF is derived as follows; 

M^(s) = E[e-T'"] = s [ 

Jo 


= s 




2°'ATis ^ ^ “+^^5 1 

X - A-9— 


8 ^( 1 + ris)^^ 


“2 Gill 


K^G 


i6r2(i-Fris) 


1 ° , 
\k2 I ^ 


(13) 


where Equation (a) is obtained using integration by parts and (&) is calculated by using the integral 
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(281 Eq. (7.813-1)]. 


3.1.2. ASER Analysis 

The ASER of MPSK can be expressed in terms of the MGF, which is given by (29]: 

= -r MJ^\de. (U) 

TT Jo Vsin 0 J 

where 0 = and n = siii(7r/M). By substituting (TS) into (H), we arrive at the ASER of 

MPSK in the form of the integrai expression of: 


P. 


MPSK 


ide- 


2°‘ATxv? 

Stt^ 


fc A -- 




afe 2 '=A 


^ ,-a 5,1 


.5 


A^Csin^e 

ler,^ 


d 6 », 


(15) 


where we have = sin^ 9+Tin‘^. The integrai above cannot be readiiy expressed in a ciosed-form 
expression. Fortunateiy, from (30], an accurate ASER approximation can be derived for MPSK by 
using the MGF: 


P. 


MPSK 


M-1 

2M 


~ 0 ) ■^7('Sl) + 7-^7 (^ 2 ) + 


-— — ] ( 53 ) • 

2M A' 


(16) 


where we have si = sin^( 7 r/M), S 2 = ^ and S 3 = siJ{f{M-^yM) = 1- Substituting 

m into m, the approximate ASER of MPSK can be readiiy caicuiated. As it wiii be shown in 
Section V, the ASER approximation in dTH) perfectiy matches the exact ASER of MPSK cross the 
entire SNR range. 

Note that the M-distribution is a generai modei which is capabie of characterizing most of the 
popuiar distributions inciuding the K-distribution and the G-G distribution. Therefore, the ASER 
performance of MPSK under both the K and G-G distributions can be deduced by our derived 
resuits. In particuiar, when we oniy encounter the ciassic scattering component in the FSO iinks, 
i.e. we have p = 0 and = 0 in (|8) and (H), the M-distribution reduces to the K-distribution. In this 
situation, AakA~^ in ((TS) equais to zero, except for k = 1. After some further manipuiations, 
we arrive at AaiA~^ = Therefore, the MGF in (TS] reduces to 


Mf(s) = l- 


2 “ris 


__ 

27rr(a)(l-Fris) V646^r2(l-F Tis) 


5.1 


a^C 


(17) 


where kk = §,^,^,1,0- Now, both the exact and the approximate ASER of MPSK can be 
obtained for the K-distributed FSO channei by substituting (TT) into l[T4] and l[T6], respectiveiy. 

Considering another case when both the LoS component and the scattering component coupied 
with the LoS affect the FSO iink, the M-distribution retrieves to the G-G distribution with p = 1 and 
n' = 1 . Under this scenario, Auk equais to zero, except for k = After some further manipuiations, 
we arrive at Aap = 2(a/3)(“+^1/^/[r(a)r(/3)]. Therefore, the MGF in |[T3) reduces to 


M^^(s) = 1 - 


2 “+^ris 


47rr(a)r(/3)(l -FTis) 




■5,1 


A^G 


i6r2(i-Fris)' 


(18) 


where we have kgg = f, f, -^lO- Accordingiy, both the exact and the approximate SER of 
MPSK can be obtained for transmission over the G-G channei by substituting (TH) into (H) and 
(Te), respectiveiy. 


3.1.3. Asymptotic Characterization 

The above ASER expression of MPSK is derived in the form of Meijer’s G-function. Aithough 
Meijer’s G-function can be expressed in terms of more popuiar hypergeometric functions, it ap¬ 
pears hard to gain deeper insights. We circumvent the probiem by investigating the asymptotic 
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performance of MPSK at high SNRs. Generally, it is challenging to characterize the asymptotic 
performance of MPSK by directly evaluating the ASER in |[T5) and l[T6j. Instead, we resort to 
characterizing the asymptotic approximation of the MGF at high SNRs, which is shown to be 
effective for obtaining the asymptotic ASER. 

By observing the MGF expression in ifTSt . we find that at high SNR the Meijer’s G-function 
can be expressed in form of its series representation (271 Eq. 07.34.06.0006.01] for ri,r 2 oo. 
Considering the fact that a is larger than (3 in the M-distribution, the series expansion of Meijer’s 
G-function is dominated by the smallest parameter in k 2 , which yields: 


lim G?’r 

ri.Ps^-oo 




I6r2(i + ris) 



= r 




(j 22-a-fc^r(a)r(fc), 


(19) 


where Equation (c) is obtained by exploiting that r(2a:) = '^^T{x)T{x + 1/2). By substituting 
idD and ID into l[T3), the asymptotic MGF becomes: 

lim M^{s) 

1 1 ,1 2^00 


Tis A (p-i\ 

l-FTis (^/3 + ll')/3-i 


(d) ^ _ Eis (^) J_ 


O (rr^), 


( 20 ) 


where Equation [d) follows from the binomial expression (fc-i) 

and Equation (e) is obtained by retaining only the most dominant term for a high SNR Ti. 

Now, we find from |20) that the end-to-end MGF does not depend on the turbulence condition 
of the FSO link at high SNRs. By substituting ||20) into (04), we arrive at the asymptotic ASER of 
MPSK: 


pMPSK 

^ c 



( 21 ) 


where S = is a constant, which is dependent on the modulation order M. 

Remark 1: It can be observed from the above expression that the asymptotic ASER of MPSK 
is no longer dependent on the FSO turbulence, but it is dominated by the average SNR of the RE 
link. At high SNRs, the diversity order is an important measure of the SER performance, which 
is defined as the slope of the log-log SER versus average SNR value (31], We arrive at the 
diversity order of the MPSK in the hybrid relaying system: 


,mpsk ^ dlogjP^^P^^) 
9iog(ri) 


( 22 ) 


3.2. ASER Performance of DPSK/NCFSK 
3.2.1. ASER Analysis 

We now analyze the ASER performance of DPSK/NCFSK in the fixed-gain relaying system. For 
subcarrier DPSK/NCFSK, the conditional SER can be evaluated as (29] 

Ps{e-\l) = \ exp (-— ) , (23) 

2 V m/ 
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where m = 1 for DPSK and m = 2 for NCFSK. Accordingly, the ASER of DPSK/NCFSK is 
calculated as 


pOO ^ -| 

Pr=l n(e|7)A(7)d7 = ^ 


JO 

2m 


exp 


(--)d7 

V mJ 


2“A 

16m7r 


exp (-^) 

^ poo 

Vafe2''A"^ / exp(- 
Jo 


1_ 

m 


2°‘ATx 


{A 1_ 

2 167r(m + ri) 


^afe2'=A-'^G®;, 


fc=i 


mAP'C 


Vi6r2(m + ri) 


’ 


7 

/^0,5 


f A^g7 

Vi6rir2 



(i7 


(24) 


where Equations (/) and {g) are obtained upon using integration by parts and by exploiting the 
integral IIH Eq. (7.813-1)], respectively. 

As a special case, for the K-distribution, the ASER of DPSK/NCFSK is given by setting p = 0 
and D = 0 in ll^ . yielding: 


pm.K 1 2-ri 6,1 / rna^C p \ 

2 47rr(a)(m-F Fi) \645Qr2(m-F Fi) 

By contrast, for the G-G distribution, we set p = 1 and = 1 in ||24j, yielding; 

pm,GG _ 2“+^Fi _ g ^ / mh?C Q \ 

" 2 8^F(a)F(/3)(m + Fi) 16F2(m + Fi) 


(25) 


(26) 


3.2.2. Asymptotic Characterization 

Let us now characterize the asymptotic behavior of DPSK/NCFSK at high SNR. By using the 
expression in |[T9) and carrying out analogous manipulations to those in (|20), the asymptotic 
ASER of DPSK/NCFSK at high SNRs is obtained as follows: 




1 AT 

A™ = lim P™ =-^i / 

ri,r2-)-oo ® 2 4 (to + Fi)^ 

1 


OfcA 2 F(a)F(fc) 


Fi 


2(m + Fi) 


m 


o(Fr 


- 2 \ 


(27) 


Remark 2: From |27J, we find that the asymptotic ASER trends of DPSK/NCFSK are similar 
to those of MPSK. By using the same method, we obtain the diversity order of DPSK/NCFSK 
as which is identical to that of MPSK. Now, we can readily compare the 

performance of different modulation schemes. We define the SNR discrepancy as the difference 
of the energy per bit to noise ratio between two modulation schemes at a specific ASER. From 
lIFTt and l|27), the SNR difference between MPSK and DPSK/NCFSK is calculated as follows: 


SNR. = 10 log.o (- 10 l«g.o (i^) = '0 ‘“S.o (i) (28) 

For example, we calculate the SNR^ of BPSK with respect to DPSK by setting M = 2 and m = 1 
in |[28). The SNR gain of BPSK over DPSK becomes 

^ = 2.66 dB. (29) 

It is observed from the above equation that, as expected, BPSK achieves a better SER per¬ 
formance than DPSK, because the phase error in DPSK induces an error in two consecutive 
transmission intervals. Similarly, the SNRa between different PSK schemes can be evaluated 
by using p8). For instance, we can readily express the SNR reduction of BPSK over QPSK as 
SNR^ ^ -QPSK ^ loiog^^p (yI) = 5.3 dB at a specific ASER, albeit naturally, QPSK achieves a 


SNR 


BPSK-DPSK 


= lOlogio 


/24 

VIS 
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factor of two higher bandwidth efficiency in the fixed-gain reiaying system. 


4. Performance of the Hybrid RF/FSO System with Channei-Dependent 
Reiaying 

In some appiications, the reiaying system has a strict by iimited transmit power for forwarding 
signais. This impiies that the maximum energy of the signai forwarded by the RN shouid be iimited. 
In such applications, the RN dynamically adjusts the relay gain according to the instantaneous 
channel fading of the RF link. In this section, the ASERs of various modulation schemes are 
investigated analytically for the channel-dependent hybrid relaying system. 


4.1. ASER Performance of MPSK 

To analyze the ASER performance of MPSK in the channel-dependent relaying system context, 
we firstly derive some useful statistical features of the end-to-end SNR. Since the closed-form 
analytical expressions of the SNR statistics are intractable, we resort to the derivation of tight 
upper bounds of the SNR statistics. 


4.1.1. Statistical Characteristics 

The end-to-end SNR 7 in the hybrid channel-dependent relaying system may be closely approx¬ 
imated as [15], |24|: 

^ 1 = niin{ 7 i, 72 }. (30) 

71+72 + 1 

Accordingly, the CDF of the end-to-end SNR 7 in the channel-dependent relaying system can be 
expressed as: 


+7(7) = T’r[min{ 7 i, 72 } < 7] 

= 1 - Pr(7i > 7)Pr(72 > 7) 

= +71 (7) + +72(7) - +71 (7)+72(7), (31) 


where +^ 1 ( 7 ) and +^ 2 ( 7 ) denote the CDFs of the RF link and of the FSO link, respectively. For 
the RF link, the CDF of the SNR 71 can be readily calculated from 0 as follows: 

+71 ^ (~^) ^ (~^) ' 

Meanwhile, by using ifTOt . the CDF of the SNR 72 for the FSO link is calculated as follows: 


+72 (7) 


A 

"2 


-ii+^ 

/c=l 



Kn — k 





{h) 2^A 
Stt 


^afc2'=A 





(33) 


where Equation (h) is calculated using (271 Eq. 07.34.21.0084.01, Eq. 07.34.17.0011.01]. Upon 
substituting ||32) and [MJ into dST), the CDF of the end-to-end SNR 7 for the channel-dependent 
relaying system is arrived at: 


+ 7 ( 7 ) = l-exp(- — 


2“A 

Stt 






fc=i 


i6r2 


(34) 


From ll34l . the MGF of the end-to-end SNR 7 of the channel-dependent relaying system can 
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be derived as: 


noo 

M^{s) = s e~^'^ 

Jo 

r°° r°° -y 

= s exp(— 7 s)(i 7 — s / exp(— 7 s — —)(i 7 

Jo Jo Ti 


+ ^ _ i)G« ) d-, 


k^l 


(i) ^ Tis ^ 2^A.Yis 




A^Fi 


lO.l 

\K2 


(1) y _ TlS 


l + Tis 87r(l+ris)^^ Vl6r2(l+ris) 

_ 2°Aris -A fe 2^ 4,1 f A^Fi ^ 

l + Tis 87r(l+ris) Vl 6 r 2 (l + ris)''^^ ^ ’ 


(35) 


where we have K 3 = and Equations (i) as weii as (j) are obtained using [27] Eq. 

07.34.21.0088.01] and |23 Eq. 9.31-1], respectiveiy. 


4.1.2. ASER Analysis 

In the hybrid channei-dependent reiaying system, the ASER of MPSK can be evaiuated by 
substituting ||35) into |[I4), which yieids: 


pMPSK 
^ « 


IdO- 


Fin^ 


-dO 

$ 


2“Arin2 

Stt^ 


afc2^A ‘'2 


fc=i 


^ ,-a 4,1 


/ A^Fi sin^ ^ |i ^ 
16F24> 


dO. 


(36) 


The integrai above cannot be readiiy expressed in a ciosed form. Using a technique anaiogous 
to that of the previous section, we can instead caicuiate the approximate ASER expression of 
MPSK by substituting ||35) into HD for the hybrid channei-dependent reiaying system. 

As stated above, both the K and G-G distributions can be deduced from the generaiized M- 
distribution. To derive the ASER of MPSK for those channeis, we obtain the MGF of the end-to-end 
SNR 7 over the K and G-G-distributed FSO channeis from ijsD as foiiows: 


Fis 


2“Fis 


-4,1 


^ 1 + Fis ^ 27rF(a)(l + Fis)‘^i’^ 


A^Fi 


16F2(1 + Fis)' 


(37) 


M^'^(s) = 1 - 


2“+/5Fis 


1-FFis 47 rF(a)F(/ 3 )(l-FFis) 


Gi 


'4,1 


A^Fi 


16F2(1 + Fis) 


|i 

>K3GG 


(38) 


where we have k^k = f , 1 and ksqg = f > f , Accordingiy, both the exact and the 

approximate ASER of MPSK can be derived for transmission over the K and G-G channeis in the 
channei-dependent reiaying system by substituting (|37) and IM) into HD and HD. respectiveiy. 


4.1.3. Asymptotic Characterization 

Simiiar to the fixed-gain reiaying system, we may resort to characterizing the asymptotic approx¬ 
imation of the MGF at high SNRs, which proves beneficiai for obtaining the asymptotic ASER 
for further insightfui observations. By using the series representation of Meijer’s G-function for 
Fi,F2 00 and considering the fact that a is iarger than p in the M-distribution, the series 
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expansion of Meijer’s G-function is dominated by the smaiiest parameter in K 3 , which yieids: 




lim gM 1 -;--I 


= \/ttT 


: — k 


a — k ^ 1 


= 2i-“+'=7rr(a -k)T['j 


^'1 


i6r2(i + ris) 


i6r2(i + ris) 


(39) 


where the iast equation is obtained by expioiting T{2x) = ‘^^^V{x)V{x + 1/2). By substituting 
llM) into l|35), the asymptotic MGF becomes: 


Mjis) = lim M^{s) 
I 1,1 2—>oo 


1 

l + Tis 


AT IS 
4(i + ris) 


p 

afeA“2“r(Q! 

fc=i 



r2(i + ris) 


h. 

2 


p 

= Sfc (r2s) ^, 


k=l 


(40) 


where we have Bk = 4 afeA^r(J/r(a - k). 

Now, by substituting igO) into dli), we obtain the asymptotic ASER of MPSK in the channei- 
dependent reiaying system context as: 


P> 


MPSK 


M-1 l\v^ 

- g) (r2Si) 


2M 


■ (I^2S2)’ 




M-1 

“ 7) (^253) 

2 k=i 


2M 


= BiDm^2 


(41) 


where Dm = s^+ 3 ^/ 3 M+^^l 2 )v 5 T-l 2 |g ^ constant dependent on the moduiation order, whiie 
the short-form equation in the 2 nd iine is obtained by retaining the most dominant term for high 
SNRs. 

Remark 3: It is observed from (I4T1 that the ASER of MPSK depends both on the average 
SNR and on the AT conditions of the FSO iink, whiie the diversity order of MPSK in the channei- 
dependent reiaying system equais to: 


MPSK ^ ^ 1 

9iog(r2) 2' 


(42) 


However, the diversity order in (|42) does not hoid under the G-G distribution (p = 1 ), since the 
asymptotic expression of the Meijer’s-G function in ([39) does not converge for /3 > 1 at high SNRs. 


4.2. ASER of DPSK/NCFSK 
4.2.1. ASER Analysis 

Using |23), the ASER of DPSK/NCFSK in the channei-dependent reiaying system can be derived 
as 


2 2(m + ri) 167 r(m-hri)^^ \l6T2{m+ 


(43) 


where the iast equation is caicuiated using (271 Eq. 07.34.21.0088.01] and (28l Eq. 9.31-1]. 
Specificaiiy, for the K and G-G distributed FSO channeis, the ASER of DPSK/NCFSK in the 
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hybrid channel-dependent relaying system is readily calculated as 

pn^.K = i _ Ti 2-ri 4.1 f A^rim 

" 2 2(TO-Fri) 47rr(a)(TO-Fri) V 16r2(m-F Ti) 


and as 


pra,GG ^ i _ 

2 2(m-Fri) 87rr(a)r(/3)(TO-Fri) 


4,1 


G ‘i, 

1.4 


A^Fim 

16r2(m-Fri)''=3GG 


(44) 


(45) 


respectively. 


4.2.2. Asymptotic Characterization 

We analyze the asymptotic ASER of DPSK/NCFSK in the channel-dependent relaying system. By 
using the analogous expression in ||39), and following some further manipulations, the asymptotic 
ASER of DPSK/NCFSK at high SNRs can be expressed as 


lim P™ 

Pi.rs^-oo 


1 

2{m -F Fi) 


AFi 

8(m -F Fi) 


4 

afeAT“F(Q; 

fe=i 





mV^ 


F2(m -F Fi) 


h. 

2 


(46) 


where again, the last short-form equation is obtained by retaining the most dominant term at a 
high SNR. It can be seen from the above expression that the diversity order of DPSK/NCFSK 
is identical to that of MPSK in the channel-dependent relaying system, and that the ASER of 
DPSK/NCFSK depends both on the average SNR and on the channel conditions of the FSO link. 

Remark 4: We can compare the ASER performance of different modulation schemes in the 
context of the channel-dependent relaying system. Similar to ([28), we can readily calculate the 
SNR difference between MPSK and DPSK/NCFSK as follows: 

SNRa = lOlogio - lO^ogio ^ (“^) 

For instance, we obtain the SNRa of BPSK with respect to DPSK by setting M = 2 and m = 1 
in 107), yielding = 4.4 dB. 

Remark 5: It is interesting to observe from |22) and 02) that all the modulation schemes in 
the fixed-gain relaying system achieve the same diversity order of 1, while the diversity order in 
the channel-dependent relaying system is only 4. This is because the RN can amplify the signal 
received from the first link with a high relay gain regardless of the channel condition of the first link, 
thus it is capable of achieving a higher diversity order at the cost of requiring a high-dynamic linear 
class-A PA. By contrast, in the channel-dependent relaying strategy, the relay gain is dynamically 
adjusted according to the CSI of the first link in order to maintain a constant output power at 
the RN. For instance, if the channel gain of the first link happens to be high, the relay gain at 
the RN will be much smaller for the channel-dependent strategy in order to guarantee a constant 
RN output power, which imposes a lower diversity order compared to that of the fixed-gain relay 
strategy. 


5. Simulation Results 

In this section, we detail our simulation results for the dual-hop hybrid RF/FSO relaying system 
relying on both the fixed-gain and the channel-dependent schemes. The transmitted optical power 
is normalized to unity, i.e. we have V, + 2bo = 1. For fixed-gain relaying scheme, the relaying gain 
is set such as C = 0.5. For simplicity and without loss of generality, we opt for an identical average 
SNR per hop, i.e. for Fi = F 2 . 
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Fig. 2. ASER versus average SNR of different modulation schemes for the fixed-gain relaying system. 


The ASER versus average SNR of different modulation schemes for the fixed-gain relaying 
system is presented in Fig. [H where we have a = 10,/3 = 5,p = 0.5, and bo = 0.25. The 
simulation results (referred to as ‘Sim’) recorded for both MPSK and DPSK/NCFSK were obtained 
by Monte Carlo simulations, the exact ASER (‘Exact’) and the approximate ASER (‘Approx’) of 
MPSK were calculated from ifTsli and ifT^ . respectively. Finally, the exact ASER of DPSK/NCFSK 
was calculated from i|24j. From this figure, we find that the exact ASER perfectly matches the 
simulation results for both MPSK and DPSK, which confirms the accuracy of our analytical 
results. Furthermore, the approximate ASER exhibits an excellent agreement with the exact 
results for different PSK schemes, which confirms the accuracy of our approximate expressions. 
Moreover, high-order PSK achieves an increased throughput at the expense of a degraded ASER 
performance compared to low-order PSK. On the other hand, the performance of DPSK is inferior 
to BPSK, but is superior to NCFSK. It is observed from this figure that the SNR penalty of DPSK 
compared to BPSK is about 3 dB, again, because the phase error in DPSK induces the bit error 
in two consecutive transmission intervals, which donates the expected SER of DPSK compared 
to BPSK at a specific SNR. To the contrary, the SNR gain of DPSK compared to NCFSK is about 
3 dB, because the coherent detection can achieve a SNR gain of 3 dB compared to the non¬ 
coherent detection at a specific SNR. However, the coherent detection needs channel estimation 
at the detector, which might be more complexity than the non-coherent detection. 

The ASER versus average SNR is presented in Fig. |3]for different values of a and /3 in the 
fixed-gain relaying system, where we have p = 0.5, bo = 0.25. To avoiding obfuscating legends, the 
Monte Carlo verification points are not shown in some of the following figures. The ASERs of two 
PSK schemes were calculated by substituting |[T3) into |[T6|. As we can see from Fig.|3] the ASER 
performance improves upon increasing the AT parameters a, f3. This is because the turbulence 
becomes less severe upon increasing a, /3, hence the SER performance of both modulation 
schemes becomes better. 

The ASER versus average SNR performances of 8PSK and DPSK is shown in Fig.|4]for different 
p values in the fixed-gain relaying system, where we have a = 10, /3 = 5, and bo = 0.25. The 
ASER of 8PSK under generalized M as well as K and G-G distributed channels was calculated 
by substituting |[T3), GZ) and |[T8) into l[T6j, respectively. The ASER of DPSK under generalized 
M as well as K and G-G channels was calculated from ||24), ||25j and l|26j, respectively. It is 
observed that the ASER is reduced for both modulation schemes upon decreasing p, because 
the average power of the classic scattering component equals ^ = 26o(l - p) and it becomes 
higher as p is reduced. Increasing the classic scattering component power will make the intensity 
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Fig. 3. SER versus average SNR for different values of o, 0 in the fixed-gain relaying system. 



Fig. 4. ASER versus average SNR for various p values in the fixed-gain relaying system. 


fluctuations of the optical signal more severe along the transmission path. Specifically, when we 
have p = I and = 1, the generalized M-distribution reduces to the G-G distribution. In this 
situation, there is no classic scattering component, because only the LoS component and the 
coupled scattering component exists. By contrast, the classic scattering component reaches its 
maximal value at p = 0 and it degrades the ASER performance. In this case, the generalized 
M-distribution reduces to the K-distribution. 

Let us now study the asymptotic ASER (‘Asymp’) of different modulation schemes for the fixed- 
gain relaying system in Fig. 0 where we have a == 10, /3 = 5, p = 0.75, and 6o = 0.25. The 
asymptotic ASERs of MPSK and DESK were calculated from ||2T| and ||27J, respectively, while the 
exact ASERs of MPSK and DESK were calculated from ifTSli and l|24), respectively. It is observed 
in Fig. [5] that the asymptotic ASERs are consistent with the exact ASERs for both MPSK and 
DESK at high SNRs. As seen in Fig. [5] there is only a modest gap between the asymptotic and 
the exact ASER of the different modulation schemes. The asymptotic expressions of Hi} and i|27)i 
are much simpler, which also reveals that both MPSK and DPSK/NCFSK have the same diversity 
order. Furthermore, it is intuitive that the high order modulation schemes require a higher SNR 
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Fig. 5. Asymptotic ASER versus average SNR of different modulation schemes for the fixed-gain relaying system. 



Fig. 6. ASER versus average SNR of different modulation schemes for the channel-dependent relaying system. 


in order to maintain a specific ASER. For instance, the SNR iosses of 8PSK compared to QPSK 
and BPSK are 5.7 dB and 11 dB, respectiveiy. which is the price of increasing the throughput 
from 1 to 3 bits/symboi. 

We iiiustrate the ASER performance of different moduiation schemes for the channei-dependent 
reiaying system in Fig. |6] where we have a = 10, /3 = 5, p = 0.5, and bo = 0.25. The simuiation 
resuits recorded for both MPSK and DPSK/NCFSK were obtained by Monte Cario simuiations, 
whiie the iower bound ASERs (‘Lower bound’) of MPSK and DPSK/NCFSK were caicuiated from 
ll36l and ([43), respectiveiy. The approximate ASER of MPSK was obtained by substituting (l35t 
into dH). Finaiiy, the asymptotic ASERs of MPSK and DPSK/NCFSK were caicuiated from (l4Tt 
and dH), respectiveiy. It is observed from this figure that there is a modest gap between the iower 
bounded ASER and the simuiation resuits for aii moduiation schemes at iower SNRs, whereas the 
iower bound ASER moves ciose to the simuiation resuits, as the SNR increases. The approximate 
ASER exhibits an exceiient agreement with the exact resuits for the different PSK schemes, which 
confirms the accuracy of our approximate expressions. Furthermore, the asymptotic resuits of aii 
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Fig. 7. ASER versus average SNR for different p values. 


modulation schemes approach the exact results upon increasing the SNR. 

The ASER performance of 8PSK and DPSK is portrayed in Fig.Hfor different p values, where 
we have a = 4.2, (3 = 2, and &o = 0.25. For comparison, we also draw the ASER performance 
of DPSK and 8PSK in the fixed-gain relaying system at p = 1 by using HD and by substituting 
idD into idD, respectively. For the channel-dependent relaying system, the ASER of 8PSK under 
generalized M- as well as K- and G-G distributed channels was calculated by substituting il35t . 
l[37) and il55t into ifTBt , respectively. The ASER of DPSK under generalized M as well as K and 
G-G channels in the channel-dependent relaying system was calculated from igD. (ED and lB3t , 
respectively. 

We can find from Fig.[7]that the ASER improves for both modulation schemes upon increasing p. 
This is because the average power of the classic scattering component decreases as p increases. 
For example, both modulation schemes achieve the best ASER performance under the G-G 
distribution, i.e. p=l. This is due to the fact that no classic scattering component exists in the G- 
G channel. In this situation, both modulation schemes of the channel-dependent relaying system 
achieve the same diversity order as that in the fixed-gain relaying system, as shown in Fig.[71 By 
contrast, the diversity orders under other situations, such as p = 0, 0.5, and 0.9, are identical to 1/2 
as shown in ||42) and HD- Furthermore, it is observed from Fig.[7]that the ASER performance of 
the fixed-gain relaying system is superior to that of the channel-dependent relaying system under 
the G-G distribution. This can be explained as follows: In the channel-dependent relaying system, 
the relay gain is dynamically adjusted according to the CSI of the first link in order to maintain 
a constant output power at the relay node (RN). By contrast, in the fixed-gain relaying system, 
the RN amplifies the signal received from the first link with a high relay gain regardless of the 
channel condition of the first link. Therefore, the fixed-gain relaying system always outperforms the 
channel-dependent relaying system at the cost of requiring a high-dynamic linear class-A power 
amplifier. 

6. Conclusions 

This paper investigated the ASER performance of different modulation schemes in a dual-hop hy¬ 
brid RF/FSO relaying system operated under both a fixed-gain and a channel-dependent scheme. 
The RF and the FSO links were subjected to Rayleigh- and M-distributed impairments, respec¬ 
tively, and we then derived the MGF of the end-to-end instantaneous SNR. Accordingly, both 
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the ASER expressions of MPSK and DPSK/NCFSK were obtained. Furthermore, the ASER 
experienced in the presence of both K and G-G distributions were aiso evaiuated as speciai 
cases of our resuits. Finaiiy, the asymptotic ASER of both MPSK and DPSK/NCFSK were aiso 
derived at high SNRs, which demonstrated some insightfui observations for both hybrid reiaying 
systems. Our simuiation resuits confirm the accuracy of our anaiyticai resuits. 
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